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We represent a process of learning by using bit strings, where 1-bits represent the knowledge ac- 
quired by individuals. Two ways of learning are considered: individual learning by trial-and-error; 
and social learning by copying knowledge from other individuals, or from parents in the case of 
species with parental care. The age-structured bit string allows us to study how knowledge is accu- 
mulated during life and its influence over the genetic pool of a population after many generations. 
We use the Penna model to represent the genetic inheritance of each individual. In order to study 
how the accumulated knowledge influences the survival process, we include it to help individuals 
to avoid the various death situations. Modifications in the Verhulst factor do not show any special 
feature due to its random nature. However, by adding years to life as a function of the accumu- 
lated knowledge, we observe an improvement of the survival rates while the genetic fitness of the 
population becomes worse. In this latter case, knowledge becomes more important in the last years 
of life where individuals are threatened by diseases. Effects of offspring overprotection and differ- 
ences between individual and social learning can also be observed. Sexual selection as a function of 
knowledge shows some effects when fidelity is imposed. 

PACS numbers: 87.23.-n 



I. INTRODUCTION 

Learning is any relatively permanent change in behav- 
ior which occurs as a result of experience or practice P| . 
Learning is necessary for an individual to gain auton- 
omy from its natural, physiological and social restric- 
tions, leading the population to improve its life condi- 
tions 01 . Some theories say that behavior is in part 
inherited from parents but there is general agree- 
ment that the environment is the main factor influencing 
it. Experiences that produce knowledge cannot be in- 
herited from parents, as is the case for the genome, but 
rather are acquired in the course of life from different el- 
ements of the environment surrounding each individual 
Q . The process of learning is very complicated and dif- 
ferent for each individual of a population. Although the 
overall conditions for all individuals could be the same, 
after this process each individual has a different level of 
knowledge. Differences in the environment or experiences 
in life, although sometimes very hard to notice (for ex- 
ample: presence of parents during childhood, interaction 
with other individuals or material environment, educa- 
tion, etc.), produce different levels of knowledge and, as 
a consequence, a different behavior that depends on the 
environment surrounding an individual 

Genetic evolution modifies the frequency distribution 
of survival strategies in a population, whereas learning 
modifies the probability distribution of survival strate- 
gies in the repertoire of an individual 'Bj . Reproduction of 
simple organisms (for example: haploids) does not allow 
them to improve very much their genetic code, but higher 
organisms reproduce in a more effective way, in order to 
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escape death (for example: asexual and sexual diploids) 
[6|,t3- Likewise, primitive organisms present similar be- 
havior and responses to the environment, while higher 
organisms present a more diverse behavior in order to 
get a better fitness to the environment 0. This depends 
on the cognition capacity, i.e. all ways in which animals 
take in information about the world through the senses, 
process, retain and decide to act on it •8]. However, we 
clearly know that this knowledge affects the fitness of 
individuals with their environment, modifying their sur- 
vival skills and finally improving the survival rate of the 
whole population. Some learned behavior is first intro- 
duced into an individual repertoire and, depending on its 
consequences, will be acquired by the whole population, 
modifying even its longevity (9| ■ As it has been observed 
by Hinton and Nowlan, learning has a drastic effect on 
evolution T^. 

In this paper we present a simple model to study the 
process of learning using a bit string to represent the 
knowledge acquired by individuals as a result of interac- 
tions with their natural environment (individual learn- 
ing) and other individuals (social learning). This bit 
string has an age structure, where each individual has 
a probability to learn, at every year, from the elements 
mentioned before. This finally gives as a result the differ- 
ences in the level of knowledge of individuals. We con- 
sider the Penna model to represent the genetic part of 
individuals (inherited from parents and immutable dur- 
ing one individual's life). Using our model, we study 
how this genetic part could change after many gener- 
ations as a consequence of the knowledge acquired by 
ancestors. These effects have already been studied us- 
ing another simpler model, first by Hinton and Nowlan 
[lC|, and later by Fontanari and Meir 7], showing the 
importance of learning in evolution. 

The paper is organized in the following way: In the first 
part we explain the Penna model and a preliminary mod- 
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ification to this model, in order to represent families. Af- 
ter that, we explain how knowledge is represented in our 
model, and the two ways of learning. Then, we present 
the results of our simulations which were obtained us- 
ing different values of probabilities, learning strategies 
and the two ways of relating knowledge to survival. We 
also consider a case where females are allowed to select 
males as a function of their knowledge. Finally we dis- 
cuss our results, their implications and the limitations of 
our model. 



II. THE PENNA MODEL 

The original asexual Penna model [Tl'| represents each 
individual of the population by a bit string of zeros and 
ones, where each bit position corresponds to a "year" . In 
this paper we use the sexual Penna model introduced by 
Bernardes |l2l which corresponds to a reproductive 
regime of diploid organisms, the population being divided 
into males and females. These age structured models 
are very useful to represent and study some important 
characteristics in the evolution of populations [iJI ■ 

In this model each individual is represented by two bit 
strings of size A^ax read in parallel, where each pair of 
homologous bits corresponds to one "year" in the life of 
the individual. Genetic diseases are represented by 1 bits 
in the strings. If an individual has two bits equal to 1 in 
the same position (homozygote) , it will start to suffer the 
effects of an inherited disease from that year on until its 
death. There is a limit number T of diseases each indi- 
vidual can accumulate: if at some age an individual has 
already acquired T diseases, it dies at that time step. In 
the present work, we do not consider dominant positions, 
i.e. positions chosen at the beginning of the simulation, 
where a presence of a bit 1 in one of the strings (het- 
erozygote) represents a disease for the individual. In the 
study of the fixation of bad genes (explained below) it 
has been noticed that these dominant positions ac- 
cumulate 1 bits with less probability, what is called the 
repulsion effect. This effect does not modify the essence 
of our results. 

An individual dies not only when the number of ac- 
cumulated diseases reaches the threshold T, but also as 
a result of competition for food and space against other 
individuals, represented by the logistic Verhulst factor: 
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where N^ax is the maximum population size the envi- 
ronment can support and N{t) is the current population 
size. At each time step and for each individual a random 
number between zero and one is generated and compared 
with V: if it is smaller than V, the individual dies inde- 
pendently of its age or genome. 

Every time step each female with age equal to or 
greater than the minimum reproductive age R randomly 



chooses a male with age also equal to or greater than 
R to mate, generating B offspring. This mating pro- 
cess is repeated every year until death. The offspring 
genome is constructed in the following way: the mother 
genome is cut in a random position, generating four bit 
string pieces. Two complementary pieces, each one com- 
ing from one of the original strings, are joined to form 
the offspring string which contains the genetic charge to 
be inherited from the mother. After this, M random 
mutations are included. Only deleterious mutations are 
considered: if a bit is tossed to mutate, it is changed to 
1; on the other hand if a 1 bit is chosen it remains equal 
to 1. The same procedure is repeated with the father 
genome, to produce the second string of the baby. The 
sex of the newborn is randomly chosen. All this process 
of testing the survival of each individual and the process 
of reproduction, both applied over the whole population, 
represents a time step, i.e. one year in the simulation. 

After many generations, stability is reached and the 
population self-organizes, presenting some properties 
that can be measured. Stability means that the aver- 
age number of individuals of any given age is constant 
in time as well as the concentration of 1-bits at every 
string position (locus) averaged over the whole popula- 
tion. The first property to be measured is the survival 
rate given by: 
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where n{i) is the current number of individuals with age i. 
The survival rate represents the probability an individual 
with age i has to reach age i -I- 1. 

Another characteristic is the fixation of bad genes (I 
bits) [Tsf . Due to the Darwinian dynamics of the model, 
the population self-organizes allowing the survival of only 
the best-fitted individuals, i.e. those that present a rather 
clean genome before the minimum reproduction age: only 
these individuals live enough to generate offspring and 
their genomes are passed on to future generations. Be- 
cause mutations are unavoidable, after many generations 
they accumulate at the last part of the genome, corre- 
sponding to old ages. That is why aging appears [TllIT^ 
(i.e. the continuous decrement of the survival rate) which 
starts just after the reproduction age. The probability to 
find individuals with heterozygote positions is high up 
to the reproduction age, because these positions do not 
represent any disease for them. On the other hand, ho- 
mozygote positions, with both bits set to I, are not usual 
before the minimum reproduction age, keeping individu- 
als alive until they can reproduce. 



A. The Penna Model with Families 

In order to simulate the teaching process from par- 
ents to offspring, we introduce some modifications in the 
Penna model creating some arrangements representing 
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families. Now a female that reaches age R chooses a 
male to mate and establishes a family in order to take 
care of the offspring. Each offspring, when born, has a 
probability equal to 50% to stay into the family or to 
live alone. We consider that the purpose of a family is 
parental care, so a family without offspring staying in 
the family, will not continue to be a family: in this case, 
parents become single again, waiting to search for a new 
partner in the next time step. Otherwise they continue 
as a couple breeding again every year, and taking care of 
the offspring. If one parent dies, the other searches for 
a new partner to mate and to take care of the offspring. 
If both parents die, offspring do not keep the family to- 
gether and live alone from that year on. An offspring 
that reaches age R should leave the family and look for 
a partner to mate and try to start its own family. All 
these conditions mimic characteristics of the behavior of 
animals that practice parental care [itL IT^ . 

So far, the only change in the model is to include a 
concept of fidelity in the process of reproduction which, if 
violated, does not have any consequence for the offspring, 
as opposed to the model proposed by Sousa and Moss de 
Oliveira . No explicit advantages are imposed for indi- 
viduals in or out a family. If a family succeeds to be kept 
together, in the worst case, it will generate some offspring 
with similar genomes, like brothers; this would carry an 
effect in diversity, but our results show that fixation of 
bad genes presents the same feature as in the normal case. 
Martins and Penna studied a model of infidelity with 
selection, where off-couple offspring live longer than the 
ones generated by faithful parents. In their model, a fe- 
male sometimes prefers an off-couple partner older than 
her social mate: we did not use this kind of selection 
in our simulations. In the section corresponding to sex- 
ual selection, we will comment on some consequences of 
fidelity in our model with families, when selection as a 
function of knowledge is allowed. 

Using the same initial condition as in the standard 
Penna model, the overall characteristics of the population 
are not affected from the very beginning of the simula- 
tion, and at stability averages are the same. The values 
for survival rate and fixation of bad genes obtained with 
the standard Penna model are reproduced too, so our 
modifications did not affect neither the fitness of individ- 
uals nor diversity in the population as a whole (In the 
present work we consider the quantity of genotypes and 
the frequency of heterozygotes positions, as a measure- 
ment of diversity). 



knowledge will be represented by a I bit in that position 
of the third string, otherwise the bit will be kept, rep- 
resenting no learning at all at that year. Here we do not 
consider all the processes of learning, which are very com- 
plicated and take different periods of time to reinforce 
what has been learned in order not to be forgotten |^ . 
This time depends on the cognitive capacity of the indi- 
vidual. We consider an "acquired knowledge" only when 
it has been completely assimilated by the individual, no 
matter how this occurs. 

This age structured model deals with knowledge in 
such a way that each position represents something which 
can be learned at that age, like walking and communi- 
cating at the beginning of life, self-protecting and getting 
food supply some time later, etc. Obviously we consider 
only the kind of knowledge which could be useful for sur- 
vival 0. Although it would be difficult for the individu- 
als to select what to learn, an individual grows and learns 
in order to acquire the kind of knowledge which is impor- 
tant to improve its surviving skills 

Now, an individual with age i accumulates a quantity 
C(i), the sum of knowledge bit^ which can be used to 
improve its survival capacity As we have seen, in 

the Penna model an individual dies due to two reasons, 
accumulation of diseases or the Verhulst factor. The lat- 
ter represents competition for food or space and depends 
on a number randomly tossed for each individual at every 
time step. We model the improvement of survival prob- 
ability for an individual as a function of the quantity of 
acquired knowledge C{i) by a new Verhulst factor given 
by: 
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If the quantity C{i) is zero (no acquired knowledge), 
the old Verhulst factor is kept and the individual dies 
with the same probability as in the model without knowl- 
edge. On the other hand, if a "^maa;" years old individ- 
ual accumulated a quantity C{Amax) equal to A^ax, its 
probability to die via Verhulst would be zero. Of course, 
no individual reaches an age equal to A^ax, due to aging. 

Another possibility for knowledge to help an individ- 
ual's survival is by adding years to life as a function of 
the accumulated knowledge, which can be expressed as: 



III. THE ROLE OF KNOWLEDGE 



y = /*c(i). 



(4) 



Now we consider a third bit string, also with the same 
age structure and the same size Amax, used to represent 
the genome. As opposed to genomic bit strings, this third 
string has all the bits set to at birth, but will change 
during life. Every time step, an individual has a certain 
probability to acquire some knowledge at that age. This 



where / is a factor regulating the equivalence between 
quantity of knowledge accumulated and further years of 
life. So, an individual accumulating T diseases, which 
would therefore die at some genetically determined age x, 
will have Y further years added to its life span according 
to its knowledge. 
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A. Ways of Learning 

There are two ways of learning. The first one, "individ- 
ual learning" , is due to the interaction of the individual 
with its natural environment, in a process of trial-and- 
error [ol Il8j|: knowledge is acquired from an individual's 
own experiences, such as avoiding dangers in nature or 
determining some new food supply 1^. So we consider 
that an individual has a certain probability, at some age, 
to have this kind of experience and learn from it: this 
is represented by switching the bit to 1 in that posi- 
tion of its knowledge string. If this individual does not 
have this kind of experience or did not succeed in learn- 
ing from it, it will keep the bit in that position. That 
probability represents the cognitive capacity of individu- 
als and is different for each species B, this depends on 
some physiological characteristics [2ll |. 

The second way, "social learning" , is due to the in- 
teractions between individuals, so a naive individual 
(observer) which spends some time near another one 
(teacher, in general a conspecific), can learn something 
just by copying from this partner, i.e. a 1 bit will be set 
at that position, (obviously, if the teacher does not have 
the knowledge corresponding to that year, nothing will 
be learned by the observer, the bit being kept in that 
position). Here we are considering together the two kinds 
of social learning, although the most useful for survival 
would be "true imitation" , which directly affects the be- 
havior of the naive individual [J, 0, 123. 123. |2J] . Anyway, 
"nonimitative social learning" is also possible, and could 
be useful for individuals in an unchanging environment, 
so it would not be rejected. In the present work, we only 
consider one species in our population, so the teacher is 
always a conspecific individual. However, there are some 
cases, in nature, where some animals can learn from other 
species [T^ . 

It has been observed in some species that family indi- 
viduals are more likely chosen as teachers |22], so as a 
special case of social learning we consider the parents as 
teachers. This can be observed in species that practice 
parental care. If an offspring is kept into the family, it 
will be strongly influenced by its parents behavior and 
will copy it during its stay within the family [T^ llSj . 
Then, if at some year both parents have the knowledge 
corresponding to that year, the offspring will learn this 
and a 1 bit will be set at that position. On the opposite, 
if both parents do not have the knowledge correspond- 
ing to that year, the offspring will keep a bit in that 
position. Finally, if only one of the parents has the knowl- 
edge corresponding to that position, we consider that the 
offspring will acquire that knowledge with a 50% proba- 
bility. 

IV. RESULTS 

We start our simulations using the standard Penna 
model and with all the positions in the bit strings of 



TABLE I: Values used in the simulations. 

Quantity Value 

Maximum population size Nmax ~ 10^ 

Size of the bit strings Amax = 32 
Maximum number of deleterious mutations T — 3 

Minimum reproduction age R = 10 

Mutation rate M = 1 

Birth rate B = 1 



the whole population equal to zero. After around 40000 
time steps the population has self-organized with the 
genetic characteristics shown before. Then, from the 
50000th time step on, we let the population start to ac- 
quire knowledge and wait for another 50000 time steps in 
order to take averages during the next 20000 time steps. 
The values used for all the simulations shown in this pa- 
per are in Tabled 

First we study the case of individual learning, con- 
sidering different probabilities for an individual to learn 
randomly, simulating the cognitive capacity of individu- 
als. These probabilities are kept constant, the same for 
the whole population. As a second step we study the 
social learning allowing interactions between individuals: 
at every year an individual can learn by itself, or, with 
a certain probability, it can copy some knowledge from 
another individual randomly chosen. 

Finally we study the effect of families in the process of 
learning. An individual living without a family follows 
the same rules of learning explained before. Parents liv- 
ing in families also follow these same rules. On the oppo- 
site, offspring living in a family suffer overprotection from 
their parents, so they can only learn from parents and, 
with a smaller probability, from other individuals. They 
have no possibility to acquire experiences by themselves, 
i.e. they are not allowed to have individual learning. 



A. New Verhulst Factor 

First we consider the case where accumulated knowl- 
edge modifies the Verhulst factor for each individual at 
every year, beginning with the simplest case of individual 
learning. We used three different probabilities, say p = 
25%, 50% and 75%, for an individual to acquire knowl- 
edge at every year. It can be seen that the probability 
of finding an individual with knowledge at any age is 
the same as the fixed value used in the simulation. The 
survival rate curve and the fixation of bad genes do not 
suffer any change, compared to the results obtained for 
the Penna model without knowledge, in any of the three 
probabilities used. 

Figure n shows the average accumulated knowledge as 
a function of age. They fit exactly the linear function: 
C(i) = p * {i + 1). Then, we interpret that in this unin- 
teresting case the process of learning is just accumulated 
due to the probability we fixed a priori. 
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FIG. 1: Accumulated knowledge as a function of age, p — 0.25 
(full circles), p = 0.5 (open squares), p = 0.75 (full triangles). 
Linear functions p * {i + 1) are also plotted (solid lines). 



As a second step we allow social learning due to in- 
teractions between individuals. Figure |21 shows results 
for a simulation where each individual has a probability 
to learn by itself (individual learning) equal to 25%, and 
to copy knowledge from others (social learning) with a 
probability equal to 25%. For a better understanding, 
we also plot the curve of knowledge corresponding to the 
case of individual learning alone, with probability equal 
to 25%. Now, the behavior of the acquired knowledge can 
be understood as a function of the probability of getting 
knowledge by itself plus the probability of finding an in- 
dividual that has the knowledge corresponding to that 
year. 
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FIG. 2: Relative number of individuals randomly acquiring 
knowledge as a function of age, with p = 0.25, and copying 
from others individuals with probability equal to 0.25 (full cir- 
cles). The former case where individuals learn only from nat- 
ural environment with p = 0.25 is also shown (open squares), 
for comparison. 



In our simulation we did not put any restriction in 
choosing a teacher, so the probability of finding a younger 
individual increases with age. For example if a naive in- 
dividual with age equal to 5 chooses as teacher an indi- 
vidual with age equal to 2, therefore without knowledge 
corresponding to age 5 yet, the naive individual does not 
have anything to learn from this teacher. It is easy to 
see that the probability of finding an individual with ac- 
quired knowledge reduces with age and finally for the last 
year (allowed by aging) there is nobody older with the 
knowledge corresponding to that year. The figure shows 
this decreasing probability and at the last point of the 
curve it has the same value of the curve corresponding to 
individual learning alone. 

Concerning the survival rates and fixation of bad genes, 
they behave exactly in the same way as in the cases stud- 
ied before. Then, for this case where knowledge modi- 
fies only the Verhulst factor, no special behavior can be 
noticed and the features observed depend only on the 
learning probabilities we fixed a priori. We also tested 
other values of probability and no qualitative change has 
been observed. In the case of families responsible for the 
parental care, the behavior of the acquired knowledge is 
the same as in the former case. Also, the survival rates 
and the fixation of bad genes do not suffer any change, 
so we left this case to be treated in the next section. 



B. Adding Years to Life 

Now we consider the case where accumulated knowl- 
edge adds years to life. As we mentioned before, in this 
case we need a conversion factor to relate acquired knowl- 
edge with years, so in all our simulations we use the value 
/ = 0.5; then two 1 bits in the knowledge string represent 
one more year of life. Other values for this factor do not 
change the qualitative behavior of our results. Although 
the chosen value could be considered to be over rated, 
it helps to give a better idea of the effects we will now 
explain. 

We start again with the simplest case of individual 
learning. Figure 13 shows the probability to find an in- 
dividual with acquired knowledge as a function of age 
position along the bit string. We use again three val- 
ues for the probability to acquire knowledge at every 
year, say 25%, 50% and 75%. For a better understand- 
ing, we also plot in the same figure the survival rates for 
these three cases and the one obtained using the Penna 
model without knowledge. Now, the survival rate is im- 
proved as a function of the probability of acquiring knowl- 
edge. Individuals can reach higher ages when they have 
a higher probability to acquire knowledge, i.e. species 
with a higher cognitive capacity can better improve their 
longevity 0. 

Another interesting feature is the higher probability 
of finding individuals with knowledge in the last years, 
effect that was not observed in the simulation where only 
the Verhulst factor was modified by knowledge (Figures 
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FIG. 3: Relative number of individuals with knowledge as a 
function of the age position, p — 0.25 (full circles), p = 0.5 
(open squares), p — 0.75 (full triangles). Survival rate is also 
plotted for the standard Penna model (solid line), p — 0.25 
(dotted line), p = 0.5 (dashed line), p = 0.75 (long dashed 
line). 



UlandEl). 

The accumulated knowledge as a function of age fits 
the linear function corresponding to the probabilities 
fixed in the simulations only during the first ages, where 
selection keeps the genome clean and the probability to 
die for this reason is low. This situation changes at older 
ages because the survival probability is lower, then, the 
accumulated knowledge comes to compensate diseases in 
genome. At some ages this effect becomes very strong 
and tends to stop aging, presenting a knee in the sur- 
vival rate (Figure |3Jl. 

As an example, in Figure0]we show the fixation of bad 
genes for a probability of acquiring knowledge equal to 
25%. We also plot the case for the standard Penna model. 
Although survival rate has been improved, the genetic fit- 
nesses are now worse than in the normal case, i.e. the 
probability of finding 1 bits in the positions is slightly 
greater before the reproduction age, and bad genes accu- 
mulate two years earlier, in the last part of the genome. 
If we used a higher probability of acquiring knowledge, 
this effect would be stronger. This further supports the 
statement that knowledge compensates for the accumu- 
lation of diseases in the genome. So a population with 
a high level of knowledge can afford to be less fit to its 
environment. 

A study of the case where social learning is allowed 
shows these same characteristics improving slightly the 
overall survival rate, although the genetic fitness of pop- 
ulation becomes even worse. As in the case where knowl- 
edge modifies the Verhulst factor, we can observe that at 
early ages the probability of finding an individual with 
knowledge in these positions is high but this probabil- 
ity reduces for later ages and finally at the last years we 
observe the same values of probability as in the former 
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FIG. 4: Relative number of individuals: heterozygote posi- 
tions (standard Penna model solid line, model with knowledge 
open circles) or homozygote positions (standard Penna model 
solid line, model with knowledge full circles), as a function of 
the age position. 



case, i.e. individuals with knowledge in the last years are 
preferred by natural selection. 

As a special case of social learning, we study the case 
where parents take care of offspring and transmit their 
knowledge to them. Results for the survival rate and the 
fixation of bad genes are the same as for the last case, i.e. 
slightly better for the survival probability and worse for 
the fitness. In Figure |S1 we see the probability of finding 
an individual with knowledge as a function of the age 
position. We plot together the case with families and the 
one with individual and social learning without families. 
The differences at early ages are due to offspring living 
within families: since they are not allowed to have indi- 
vidual learning, their level of knowledge is conditioned by 
the one of the teachers. This agrees with the statement 
that social learning is less adaptive than individual learn- 
ing [^HS- Observers learn only what teachers know, so if 
the environment changed, the acquired knowledge would 
not be useful in this new situation. 



1. Sexual Selection 

Finally we study the case where, at the time of re- 
production, females prefer males with high accumulated 
knowledge 0|. We simulated two cases: first, only fe- 
males with high accumulated knowledge show this mat- 
ing pattern; second, all females select knowledgeable 
males. Results are not very different although the last 
case seems to be slightly better in improving the survival 
rate. The main consequence of this selection is the im- 
provement of the offspring knowledge due to the higher 
probability to have a father with acquired knowledge. 

The survival rates of the population are improved, 
when this kind of sexual selection is allowed. For the 
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FIG. 5: Relative number of individuals with knowledge as a 
function of the age position; model with families (full circles), 
model with individual and social learning without families 
(solid line). 
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FIG. 6: Survival rates for the standard Penna model (solid 
line), knowledge acquired only from natural environment 
(dotted hue), model with families (dashed line), from natural 
environment and sexual selection (long-dashed line). 



case with individual and social learning, this improve- 
ment is very noticeable. On the other hand, in the case 
with families this improvement is hardly noticeable. The 
difference is due to fidelity because, in the case with fam- 
ilies, selection can be done just once, while in the other 
cases selection is repeated at every time step. So, without 
fidelity, selection as a function of the level of knowledge 
is more efficient in improving the survival rates, as can 
be seen in FigureEl The fitness is also improved, because 
the average genome of the population is cleaner than in 
all the cases considered before, even the case without 
knowledge. 



V. DISCUSSION 

Although our model for a process of learning seems to 
be very simple to represent such a complicated process, 
it reproduces some characteristics of animal behavior as 
a function of the acquired knowledge. The first way to 
improve the surviving process by knowledge did not affect 
at all the characteristics of the standard Penna model due 
to the random nature of the Verhulst factor, but these 
results help us in the analysis of the behavior in the other 
case where knowledge can add years to life. 

There are some theories about variation of intelligence 
during life P, |^ . Intelligence is defined as the capac- 
ity of learning, so we should expect that this capacity 
would not be a constant through life. We tested some 
variations in the probability of acquiring knowledge as a 
function of age (increasing or decreasing this probabil- 
ity as the individual grows), but by modifying only the 
Verhulst factor, the probability of finding an individual 
with acquired knowledge follows exactly the shape of the 
function we used. Also, the survival rate did not change 
at all. In the case of adding years to life, results follow 
the same shape of the functions only at the beginning 
but in the last years this probability is higher. However, 
these differences were harder to notice due to the shape 
of the functions. That is why we only used a constant 
probability of acquiring knowledge. This does not seem 
to be so far from reality because, according to some au- 
thors, intelligence is developed during the early years of 
life, but then it keeps constant until death although 
some features in behavior affect the capacity of learning 
in the last years 0. 

In the case of adding years to life as a function of the 
acquired knowledge, the genetic part becomes worse than 
in the standard Penna model. This can be understood as 
the compensation of genetic deficiencies with knowledge, 
but we can also understand this as an effect of the kind 
of activity an individual develops during life. So, if an 
individual spends most of its time in mental activities, in 
most cases it presents a high level of knowledge, but it 
becomes physically worse adapted to a natural environ- 
ment. This will also have inherited consequences in the 
next generations. This result can be compared with some 
experimental results of the mortality in the cities and in 
the country, and also comparations between statistics of 
countries with differents levels of education and develop- 
ment jHlillil. 

As we said, our model reproduces the compensation of 
genetic deficiencies with knowledge, explaining the higher 
probability to find an individual with knowledge at the 
last years of life. At the beginning of life this compensa- 
tion does not seem important, but at older ages when the 
probability to die is higher due to aging, it becomes more 
important, so only individuals with knowledge keep alive. 
This has already been stated by Kaplan and Robson , 
showing the differences between species with a different 
size of brain, that is directly refiected in the cognitive 
capacity. 
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The most important feature our model reproduces is 
the improvement of survival rates as a consequence of 
knowledge, a well known fact: the development of a soci- 
ety is measured by its life expectancy. The same can be 
noticed comparing species with different cognitive capac- 
ity [iJl , where mortality at older ages seems to be smaller 
for species with more capacity. When we use knowledge 
to add years to life, we always observe the improvement 
of survival rates, although the case with sexual selection 
without families also improves the fitness of the popu- 
lation. The best fitted individuals will also be the ones 
with more accumulated knowledge, so, after many gener- 
ations, natural selection and sexual selection performed 
by females yield a population with only the best fitted 
individuals and accumulated knowledge. 

It has already pointed out, that only considering the 
genetic part in modeling population dynamics, we are 
not able to reproduce the behavior of mortality at older 
ages 28J. So other factors have already been considered 
HE SimOi 1^ US' In the present work, we tried to 
add a social factor which in an independent way, has 
consequences in the survival rates at older ages, of course, 
this would never be the only factor, but some results show 
that there is a strong consequence in the mortality due 
to the knowledge [lallSi^- 

The results about the consequences of parents overpro- 
tection seem to reflect also in some way the differences 
between children who are not under a constant protec- 
tion of their parents and the ones who are. The first ones 



sometimes are better prepared to face some difficulties 
because they have learned by their own experiences to 
deal with hard situations that have been avoided by the 
parents of overprotected children. However, we can see 
here one of the drawbacks of our model: it does not con- 
sider that some parents try to offer to their offspring the 
knowledge they do not have. This could produce some 
improvements in the process of learning of overprotected 
children. 

Another characteristic reflected in the case with 
parental care is the difference between social and indi- 
vidual learning. Offspring in families were not allowed to 
have individual learning, so within this kind of individu- 
als the probability to find acquired knowledge is smaller 
than for the rest of the population, because it is con- 
ditioned by the level of knowledge of the teachers. In 
nature, the process of learning by trial-and-error seems 
to be better adaptive to the environment and individu- 
als can respond better to any change in the environment 
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